ABSTRACT The chemosmotic model provides a framework for visualizing energy-coupled reactions (vectorial reaction sequences, membrane-dependent gradient formation, and charge separation of reacting species) and a mechanism for energy coupling (indirect coupling between the driving and driven reaction sequences mediated by a membrane potential or a protonmotive force). The mechanistic parameters of this model have been examined from four standpoints: compatibility with the experimental realities, supporting evidence that is unambiguous, compatibility with the enzymic nature ofenergy coupling, and the capability for generating verifiable predictions. Recent developments that have clarified the mechanism ofion transport, the nature ofthe protonic changes that accompany energy coupling, and the enzymic nature of energy coupling systems have made such an examination both timely and necessary. After weighing the available evidence, it has been concluded that the chemosmotic principle of indirect coupling has no basis in fact and that it is physically unsound in respect to the mechanism of energy coupling and enzymic catalysis.
The chemosmotic model first proposed by Peter Mitchell in 1961 (1) is a composite of four principles: (i) transmembrane vectorial reaction sequences, (ii) charge separation as a prelude to energy coupling, (iii) transmembrane-gradient formation, and finally (iv) indirect coupling through a membrane potential with special emphasis on the role of the proton (24) . The first three principles are not in dispute; the discovery of these principles represented a monumental achievement that has revolutionized thinking about energy coupling. But the principle of indirect coupling is another matter. The validity ofthis principle uniquely is the concern of the present communication. By separating the chemosmotic model into its component elements, of which some are unquestionably valid and others are not, it becomes possible to deal more realistically with the model. The validity ofthe first three principles is independent ofthe validity of indirect coupling; and conversely, the unquestioned validity of the first three principles has no bearing on the validity of the principle of indirect coupling. Protonic changes during energy coupling in cytochrome oxidase The detailed analysis of energy coupling in cytochrome oxidase has made it possible to obtain for the first time a complete accounting of all protonic changes during a coupled oxidative sequence (5) (6) (7) . On one side of the inner membrane (the I side) oxidation of ferrocytochrome c leads to the release of a proton and an electron, the electron being drawn into the electrontransfer chain and the proton being extruded into the aqueous phase. On the other side of the membrane (the M side), reduction of molecular oxygen requires the capture ofan electron from the electron-transfer chain and of a proton from the aqueous phase on the interior side. The oxidative release of the proton on the I side and the reductive uptake ofa proton on the-M side are the only protonic changes relevant to the energized phase of coupling. In this phase the electron and cation move inward, presumably coupled. The proton by contrast is extruded in the opposite direction. Therefore, there-is no connection between protonic change and energy coupling. However, there is strong indication for direct coupling of the movements of the electron and a cation. In the nonenergized phase ofcoupling in cytochrome oxidase, cations-that have been accumulated in the energized phase are released, cation efflux and proton influx taking place simultaneously. If one puts aside the mechanism of the exchange, the important point is that this transmembrane movement ofa proton from the I to the M side takes place after the energized phase and, therefore, this movement is not relevant to energy coupling. The pattern ofprotonic change during energy coupling, uncovered for cytochrome oxidase, has been found to be general for the mitochondrialelectron-transfer complexes (8) ; thus, it is now possible to exclude rigorously the proton as a driving ion in energy coupling mediated by these complexes and, at; the same time, to affirm the clear indication that electron flow and cation transport are directly coupled. Indirect coupling mediated by a membrane potential Indirect coupling can be mediated either by a protonmotive force or by-a membrane potential (4) . Is it possible that the electron moves across its chain uncompensated, generating a membrane potential, and then the membrane potential compels the transmembrane movement of the cation in the same direction as the electron? Cytochrome oxidase has been shown to have two chains-one for transfer of electrons and the other for transfer of a cation (9) . The two chains are attached to the same transmembrane subunits [namely, subunits I and 11 (10, 11) ] and, therefore; must be very close (Fig. 1) . This close proximity of the two chains would ensure that the movement of the electron in its chain would compel the movement of the cation in its respective chain by coulombic attraction and electrostatic coupling. There would be an enormous energy barrier to unpaired-charge separation of an electron and a proton (12) ; however, this energy barrier can be reduced to thermal limits by paired-charge separation, leading to the extrusion of one pair ofcharges into the aqueous phase and ofanother pair ofcharges into two highly polarizable chains in the membrane. Thus, invoking a membrane potential as the driving force for energy coupling in the electron-transfer complexes is no more tenable than invoking a protonmotive force. Tedeschi (13) has summarized the results of a 10-year effort to demonstrate in mitochondria a membrane potential generated by energizing and eliminated by deenergizing. He has consistently failed to find any evidence for such a potential and has concluded that there is no potential generated during energy coupling. (14) . The protonic changes were found to be precisely the same in this coupled process as in the coupled processes mediated only by electron-transfer complexes. These changes were unrelated to energy coupling. The movement of Ca2" was coupled to the movement of PO-* (the equivalent of the electron) and was unrelated to the movement of the proton released by the extrusion of ADP+ during charge separation of the products of ATP pyrophosphorolysis (Fig. 2) an indirect nature. For example, so-called probes for membrane potentials-reagents such as aminonaphthylenesulfonic acid, safranine, and acridine-have been used to show that fluorescence changes take place during energy coupling (15) (16) (17) . These changes are assumed to reflect the generation of a membrane potential. Deciding a priori that these changes are reflections of a membrane potential is assuming what has to be proved; evidence of this kind is too ambiguous to be taken seriously. To take another example, there are multiple reports ofcytochrome oxidase (18) and the Fo-F1 ATPase as proton pumps (19) . It has already been pointed out that cytochrome oxidase is a cation pump and that the release of a proton is unrelated in a direct sense to the transport ofa cation. In the case of the ATPase, the so-called proton pumping is demonstrated by adding valinomycin and K+ to the system (20) . What is then being measured is nonenergized K+/H' exchange, as we have determined by direct experiment. This nonenergized exchange has been confused with energized proton pumping. Jagendorfand Uribe (21) have reported that a proton gradient can induce limited synthesis of ATP from ADP and Pi in chloroplasts. This synthesis has been interpreted to mean that a proton gradient can substitute for electron transfer in driving ATP synthesis. However, the chemosmotic model invokes uncompensated protons as the protonmotive force, not compensated protons as in the form of HCl in an artificially produced gradient. The point to be made, therefore, is that the synthesis described by Jagendorf and Uribe (21) provides no proof for the driving power of a protonmotive force because, in fact, no protonmotive force was applied. The reversal is indeed a remarkable phenomenon, but its meaning or significance is too ambiguous to be used in evidence for or against any model of energy coupling. The purple membrane of Halobacterium halobium contains a rhodopsin-like protein in high concentration. When bacteriorhopsin in purple membrane-containing cells absorbs light, protons are released (22) . This light-induced release of protons has been cited as clear evidence that the purple membrane system is a proton pump and as a striking illustration of the operation of a protonmotive force. The purple membrane duplicates in all respects the coupling properties of an electrontransfer complex, coupling electron-transfer to active transport of cations when unsupplemented (23) , and coupling electrontransfer to synthesis of ATP from ADP and Pi, when supplemented with the Fo-F1 complex (24) . This interchangeability of the purple membrane system and an electron-transfer complex is highly suggestive that the rhodopsin isoprenoid chain provides the equivalent of an electron-transfer chain. The enzymic dehydrogenation/hydrogenation sequence in an electron-transfer complex is duplicated by a photochemical dehvdrogenation/hydrogenation sequence in the purple membrane system. The cardiolipin-containing ion-transport chain in the electron-transfer complex is duplicated by an ion channel formed by clusters of bacteriorhodopsin (23) . Therefore, the photochemical-induced release of protons in the purple membrane, has the same significance as the corresponding release ofprotons during oxidation offerrocytochrome c in cytochrome oxidase-namely, an expression ofthe separation of an electron and a proton. In liposomes of bacteriorhopsin, as in vesicles of cytochrome oxidase, the electron moves inward across the membrane, coupled to the movement of a cation, whereas the proton is extruded in the opposite.direction. Proton extrusion in the purple membrane system has been confused with proton pumping. The charged species being pumped is the cation and not the proton. In summary, I can say that as yet not a single piece of direct unambiguous evidence supporting the principle of indirect coupling exists in the literature. (28) . Enzymes are coupling devices, and energy-coupling systems are enzymes. Coupling in enzymic catalysis is always direct. In hexokinase, for example, the pyrophosphorolysis of ATP is inextricably coupled to the phosphorylation of glucose (29) . Then, the inescapable logic is that coupling in cytochrome oxidase has to be direct by virtue of the enzymic nature of cytochrome oxidase. A very compelling thermodynamic consideration underlies the necessity for direct coupling-in enzymic catalysis. Direct coupling means pairing of the bonds to be ruptured and of the new bonds to be formed after charge substitution. The strategy of pairing gets around the necessity for charge separation of the atoms forming a covalent bond-a maneuver that can require the outlay of 80-200 kcal/mol. Fig.  3 shows diagrammatically how pairing of bond rupture and for- 
